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a b s t r a c t
In the recent past, the potential benefits of wraparound geosynthetic reinforcement technique for
constructing the reinforced soil foundations have been reported. This paper presents the experimental
study on the behaviour of model strip footing resting on sandy soil bed reinforced with geosynthetic in
wraparound and planar forms under monotonic and repeated loadings. The geosynthetic layers were laid
according to the reinforcement ratio to minimise the scale effect. It is found that for the same amount of
reinforcement material, the wraparound reinforced model resulted in less settlement in comparison to
planar reinforced models. The efficiency of wraparound reinforced model increased with the increase in
load amplitude and the rate of total cumulative settlement substantially decreased with the increase in
number of load cycles. The wraparound reinforced model has shown about 45% lower average total
settlement in comparison to unreinforced model, while the double-layer reinforced model has about 41%
lower average total settlement at the cost of approximately twice the material and 1.5 times the occupied
land width ratio. Moreover, wraparound models have shown much greater stability in comparison to
their counterpart models when subjected to incremental repeated loading.
 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
In the current construction practice, the use of geosynthetic-
reinforced soil is increasing rapidly for making the projects,
including geosynthetic-reinforced soil foundations, sustainable.
During the past four decades, an extensive research has been carried
out to evaluate the behaviour of shallow reinforced soil foundations
subjected to monotonic loads (Khing et al., 1993; Omar et al., 1993;
Yetimoglu et al., 1994; Adams and Collin, 1997; Basudhar et al., 2007;
Abu-Farsakh et al., 2013; Kumar and Sahoo, 2013; Roy and Deb, 2017;
Li et al., 2019; Raja and Shukla, 2020a, 2021). A limited number of
studies were conducted on the reinforced soil bed under cyclic
loading by simulating either the vehicle (tire) or train load or the
combination of static and cyclic loads (Yeo et al.,1993; Leng and Gabr,
2002; Raymond, 2002; Das and Shin, 2009; Moghaddas Tafreshi and
Dawson, 2010, 2012a; Boushehrian et al., 2011; Asakereh et al., 2013;
Moghaddas Tafreshi et al., 2014; Wang et al., 2018; Ghotbi Siabil
et al., 2020). The main objective of majority of these studies was to
determine and optimise the most critical parameters which play a
significant role in increasing the ultimate bearing capacity and
reducing the settlement of the reinforced foundations, such as dis-
tance of the topmost reinforcement layer from the base of the footing
(u), vertical spacing between the successive reinforcement layers (h),
number of reinforcement layers (N), tensile modulus of the rein-
forcement (J), andwidth of the reinforcement layer (b). Inmost cases,
the optimum value of the reinforcement width has been reported to
be in the range of 4e8 times the footing width (B) (Fragaszy and
Lawton, 1984; Omar et al., 1993; Shin and Das, 2000; Michalowski,
2004; Chakraborty and Kumar, 2014; Aria et al., 2020). However,
often the field boundary conditions such as property line dispute and
limited land space do not permit this optimum reinforcement width.
In order to overcome this problem and to achieve the desired bearing
capacity, multilayer reinforcements, 3D-geocells, grid-anchors, and
horizontal-vertical reinforcements have been suggested as the
possible alternative solutions (Latha and Murthy, 2007; Biswas et al.,
2013; Mosallanezhad et al., 2016; Hou et al., 2017). In spite of these
developments, the practical difficulties in manufacturing process,
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field installation and cost-effectiveness of these techniques are
questionable especially when the budget is limited.
In the recent past, simple yet innovative and effective wrap-
around geosynthetic reinforcement technique has been proposed
and implemented for enhancing the ultimate bearing capacity and
reducing the settlement of reinforced foundations (Shukla, 2014,
2016). For this, the ends of the reinforcement layer are folded along
the longitudinal axis. In this way, the occupied land area outside the
footing width is reduced and soil above the reinforcement is
confined, thus preventing its lateral movement. Kazi et al. (2015a,b,
2016) experimentally evaluated the ultimate bearing capacity of
the strip footing resting on wraparound geotextile-reinforced
sandy soil bed. They reported the increase in the ultimate bearing
capacity of approximately 12%e30% and 65%e80% in comparison to
those of model foundations reinforced with planar geotextile layer
without wraparound ends and unreinforced models, respectively.
The results of the numerical simulations conducted by Benmebarek
et al. (2018) depicted that the wraparound geosynthetic-reinforced
foundations offered the maximum improvement of bearing ca-
pacity for a strip footing under monotonic loading. Aria et al. (2019,
2021) experimentally and numerically investigated the behaviour
of strip footing resting on soil bed strengthened by wraparound
geotextile reinforcement technique. Test results and model simu-
lations indicated that the bearing capacity ratio (BCR) of the model
foundation generally increases with the increase in lapelength
ratio and occupied land width ratio of wraparound reinforce-
ment. Most recently, Raja and Shukla (2020b) developed an
analytical expression to estimate the ultimate bearing capacity of
wraparound geosynthetic-reinforced soil foundations. In spite of all
these studies, the behaviour of the footing resting on soil bed
strengthened by wraparound geosynthetic reinforcement tech-
nique subjected to repeated loading is yet to be investigated. The
main focus of this study is to experimentally evaluate the loade
settlement response of the strip footing on reinforced and unre-
inforced sand beds under slow repeated loads, and also exclusively,
to demonstrate the usefulness of wraparound technique in com-
parison to unreinforced and planar geosynthetic-reinforced
models. Moreover, the economic aspects are also considered by
comparing the amount of geosynthetic material used in reinforced
model with wraparound ends with those without wraparound
ends. Further, in the paper, the term “planar reinforcement”will be
used for geosynthetic arrangements without the wraparound ends.
2. Wraparound technique for foundations e Basic concept
and mechanism
Fig.1 shows the three-dimensional (3D) viewof a footing resting
on soil bed strengthened by wraparound geosynthetic reinforce-
ment technique. The horizontal and vertical components of the
wraparound are represented by lx and ly, respectively, which act as
anchorage and provide additional confinement to the foundation
soil in comparison to the planar geosynthetic arrangement. Fig. 2
illustrates the failure pattern of the wraparound geosynthetic-
reinforced foundation soil in comparison to planar geosynthetic-
reinforced model. As illustrated in Fig. 2a, four zones can be rec-
ognised for the increase in the ultimate bearing capacity of the strip
footing resting on soil bed reinforced with wraparound geo-
synthetic reinforcement technique (Raja and Shukla, 2020b). Zone I
is the active wedge zone analogous to the Terzaghi’s failure
mechanism for unreinforced soil foundation (Terzaghi et al., 1996)
(Fig. 2a). The soil in this zone moves downwards, thus pushing the
adjacent soil sideways. The area adjacent to active wedge, i.e. Zone
II, is the area above the reinforced zone in which soil tends to move
Fig. 1. Footing resting on soil bed strengthened by wraparound geosynthetic rein-
forcement technique.
Fig. 2. A schematic mechanism of failure pattern of reinforced model for (a) wrap-
around and (b) planar reinforcement techniques (adapted from Raja and Shukla,
2020b).
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horizontally to the sides due to induced shear stresses. This pro-
vides additional shear resistance to the horizontal displacement of
foundation soil at soilegeosynthetic interface in comparison to
planar geosynthetic-reinforced model (Fig. 2b). Zone III is also the
area adjacent to Zone I but inside the wraparound ends, and pro-
vides the passive resistance due to confinement of soil. This is
similar to the mechanism reported by Biswas et al. (2016) for
geocell-reinforced foundations. Zone IV is the area beneath the
geosynthetic layer and is unreinforced soil. Considering these
mechanisms, the wraparound ends of the geosynthetic are
considered to provide shear resistance at interface (soilegeo-
synthetic) and the passive resistance due to confinement of soil as
presented in the zoomed view along with Fig. 2a, thus enhancing
the ultimate bearing capacity of wraparound reinforced model
foundations in comparison to planar reinforced foundation (Raja
and Shukla, 2020b).
3. Experimental setup
A number of model footing load tests were conducted in the test
cell located at the Geotechnical and Geoenvironmental Engineering
Workstation, Edith Cowan University (ECU), Perth, Australia. The
details about the materials, model test cell/tank and instrumenta-
tion, and experimental procedure adopted for this study are
explained below.
3.1. Material description
The soil used in this study is a yellow brickie sandwhich has been
extracted from the pit site located in theNorth Perth region, Australia.
Physical properties of this sandy soil are measured according to the
guidelinesprovidedbyAS1289.0-2000 (2000). The soil is classifiedas
the poorly graded sand (SP) according to the unified soil classification
system (USCS). By applying moderate effort, this type of sand can be
compacted toa relativelyuniformdensity (Brachmanet al., 2001). The
non-woven type geotextile made of polypropylene with a tensile
strength of 13.3 kN/m at the corresponding tensile strain of 47.5% is
used in this study. Various other properties of the soil and the geo-
textile are also summarised in Table 1.
3.2. Laboratory test setup and instrumentation
The laboratory model tests were conducted in a metal steel tank
with inside dimensions of 1200mm 440mm 800mm (length
width  height). One long end of test cell was made of acrylic plex-
isheet of 25mm in thickness. Following the approach of Shin and Das
(2000) and Moghaddas Tafreshi and Dawson (2010), a light coat of
petroleum jelly was applied at the ends to minimise the frictional
resistance between the edge of the model footing and test cell walls.
Moreover, test cell was braced (from outside) by the angle irons to
prevent any potential yielding thatmay occur during the compaction
of the sand and/or during the performance of footing load tests.
The rigid foundation has been modelled by well-seasoned sal
wood footing. The measured dimensions of the footing for the
model tests are 440 mm  80 mm  40 mm (length  width 
thickness). Since the ratio of length towidth is greater than 3, it will
act as strip footing. The base of the footing was made rough by
cementing the sand grains to it by epoxy glue. Fig. 3 represents the
schematic view of the test cell used in the present study.
The sandy soil was compacted in a test tank in the form of seven
layers with each having the thickness of 80 mm. The compaction
was done manually by a wooden float to a relative density (Rd) of
70% which resulted in the average unit weight (g) of 15.4 kN/m3.
The whole arrangement for the model footing load tests is repre-
sented in Fig. 4. Especial care was taken during the levelling of the
sand bed at each layer, which was checked by digital auto-level to
ensure the horizontal surface conditions (Fig. 4a). The vertical load
was applied by hydraulic jack connected with low pressure pump
system to adequately control the loading rate. The applied load was
measured by the load cell (GEFRAN series) of 50 kN capacity. The
load cell has 8 built-in sensors and is configured in a way that re-
duces any potential error caused by imperfect application of the
load. The displacement transducers (accuracy of 0.001 mm) were
used tomeasure the settlement of the footing (Fig. 4b). The load cell
and displacement transducers were attached to the 16-channel
Matest data acquisition system along with which the data logger
software was used to record all the readings (Fig. 4c).
3.3. Testing programme
Four experimental test series for monotonic and seven for
repeated loading conditions were performed. Test series for
monotonic and repeated loading conditions were represented by
letters AeD and EeK, respectively. The testing programme is
Table 1
Properties of soil and geosynthetic materials.
Material Property Magnitude
Soil Specific gravity, Gs 2.64
Effective grain size, D10 (mm) 0.27
Median grain size, D50 (mm) 0.38
Coefficient of uniformity, Cu 1.55
Coefficient of curvature, Cc 0.96
Percentage of finer less than
0.075 mm (%)
3
Maximum dry unit weight, gdmax
(kN/m3)
15.97
Minimum dry unit weight, gdmin
(kN/m3)
13.9
Relative density, Rd (%) 70
Angle of internal friction, f () 35
Cohesion, c (kPa) 2.5
Soil classification (USCS) Poorly graded sand (SP)
Elastic modulus, Es (kPa) 3920
Geosynthetic Type Non-woven
(polypropylene)
Tensile strength, MD/XMD (kN/m) 13.3
Elongation strain, MD/XMD (%) 47.5
Tensile stiffness, MD/XMD (kN/m) 28
Apparent opening size (AOS) (mm) 0.15
Note: MD and XMD stand for the machine direction and cross machine direction,
respectively.
Fig. 3. Schematic view of the test cell used in the present study.
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summarised in Table 2. The layout of the reinforcements (planar
and wraparound) is presented in Fig. 5. The parameters involved
are given below: u is the distance of topmost reinforcement layer
from the base of footing, h is the distance between the subsequent
layers of planar reinforcement, b is the reinforcement width of
planar geosynthetic reinforcement, and bp is the planar width of
wrapround geosynthetic. All the parameters were normalised with
the foundationwidth (B) and therefore represented as u/B, h/B, b/B,
bp/B, lx/B, and ly/B. Following the approach of Lal et al. (2017), h/B
was kept equal to u/B when multiple planar reinforcements were
used in the tests.
3.4. Loading scheme
For all the model footing load tests, the experimental procedure
was performed according to the guidelines provided by ASTM
D1196/D1196M-12 (2016). The load increment is applied and kept
constant until the settlement of the footing is smaller than
0.03 mm/min for three successive minutes. Similar to the approach
used by Kou et al. (2018), a vertical preload of approximately
0.05 kN was applied to surface footing before each trial. This en-
sures an even contact of surface footing with soil surface and
thereafter readings were set to zero for consistency and uniformity.
The settlement (s) is standardised with the footing width and
expressed as the dimensionless factor (s/B). The ultimate bearing
capacity values of themodel foundationswere estimated from their
corresponding loadesettlement curves.
For repeated loading tests, the model foundation was initially
loaded with the portion of ultimate monotonic loads (e.g. 50%, 70%,
and 90%), followed by the subsequent cycles of unloading and
reloading. The repeated loading pattern is given in Fig. 6. The typical
rate of loading and unloadingwas kept at 0.1 kN/s. A similar approach
was utilised by El Sawwaf and Nazir (2010) for examining the
behaviourof rectangular footings resting on reinforced soil bed under
slow repeated loads. The total cumulative settlement due to repeated
loading (st) was also standardised with the footing width and
expressed as st/B.
It is noteworthy that the main aim of this study is to demonstrate
the practical advantage of wraparound technique. However, in
addition to this main objective, an attempt is made to curtail the
scale effect of the model footing load tests by taking several mea-
surements into account which are discussed in the following section.
4. Scale effect
The scale effect is one of the major concerns in the laboratory
model footing load tests (1g tests). However, for these tests, if
correctly performed, the scale effect can be minimised. This has
been the key reason that 1g tests are still widely used in geotech-
nical engineering in a cost-effective manner (Al Heib et al., 2020). In
the previous studies, researchers have given a valuable insight
about the critical parameters influencing the scale effect in the
reinforced model footing load tests and how it can be minimised
(Das et al., 1996; Fakher and Jones, 1996; Chen, 2007; Chen and
Abu-Farsakh, 2011; Tavakoli Mehrjardi and Khazaei, 2017). The
most common physical factors influencing the ultimate bearing
capacity (quwr) of wraparound geosynthetic-reinforced backfill
systems can be given as follows: B, u, h, lx, ly, bp, D50, do, g, Er and Es,
where do is the aperture/opening size of reinforcement, and Er is
the elastic modulus of reinforcement. By utilising the dimension
analysis rules, the function (g) governing the wrapround
geosynthetic-reinforced backfill system can be written as follows:
quwr ¼ g

B;u; bp; lx; ly;D50; h; Es;g; do; Er

(1)
Fig. 4. Experimental model footing load test setup at workstation: (a) Levelling of sand bed; (b) Loading arrangement; and (c) Data acquisition system.
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Considering the length and force as the fundamental di-
mensions,11 parameters in Eq. (1) can be reduced to 9 independent


































For ideal response, the real-life projects and model tests should
be the same. However, it would be practically not feasible to
maintain the complete similarity. Therefore, some of the parame-
ters, which are significantly prone to “scale effect” (Fakher and
Jones, 1996), can be listed. Considering the prototype footing (Bp)
with dimension n times the model footing (Bm), the following
equation can be expressed:
Bp

Bm ¼ n (3)
In order to maintain the similarity, the p terms for the prototype
andmodel should be kept the same. For example, if the strip footing
of 80 mmwidth is studied, then considering the value of n equal to
10, the parameters u, lx, ly, bp, D50 and do should be considered 10
times those of the model. In this way, assuming that the soil in the
prototype and model is the same, the following equation can be











yieldsðquwrÞp ¼ nðquwrÞm (4)
The following sections are dedicated to the precautions taken in
this study to minimise the scale effect according to the guidelines
available in the well-established published literature related to the
model footing load tests (unreinforced and reinforced).
4.1. Influence of ratio of median grain size to footing width (D50/B)
In practice, the width of footing is usually very large compared
to the median grain size of the soil particle. Several researchers
have reported that the ratio of D50/B has a significant impact on the
bearing capacity of model foundations (Habib, 1974; Yamaguchi
et al., 1977; Tatsuoka et al., 1991; Kusakabe, 1995; Hsieh and Mao,
2005). This is commonly called as the “particle size effect”.
Kusakabe (1995) recommended that the particle size effect can be
neglected if D50/B is kept smaller than 1/100. Cerato and Lutenegger
(2003) suggested that the bearing capacity does not get affected if
D50/B is kept smaller than 1/200. Hsieh and Mao (2005) recom-
mended this value to be smaller than 1/15 for geosynthetic-
reinforced soils. Considering the above-mentioned recommendat
ions, the particle size effect will be negligible as the ratio of D50/B
for this study is 0.00475.
4.2. Scale effect of the reinforcement (reinforcement ratio, Rr)
Reinforcement ratio is a key parameter affecting the bearing
capacity of model footing resting on geosynthetic-reinforced soil
bed (Chen, 2007; Chen and Abu-Farsakh, 2011, 2015; Ahmad et al.,
2020). It incorporates the following parameters: u/B, h/B, Es/Er, and
as/ar, which is mathematically expressed as
Rr ¼ arErasEs (5)
where as is the area of reinforced soil, and ar is area of
reinforcement.
Mathematical forms of ar, as and Er are given as follows:
Table 2
Summary of experimental series.
Loading scheme Experimental series Reinforcement technique Parameters Purpose
Monotonic loading A Unreinforced e To compare the performance and
improvement
B Planar u/B ¼ 0.3; N ¼ 1; b/B ¼ 4, 6, 8 To evaluate the performance at various
width ratios of reinforcement and to
find the optimum ratio
C Planar u/B ¼ h/B ¼ 0.17; N ¼ 2; b/B ¼ 6 To evaluate the effect of layer number
on the optimum width ratio
D Wraparound u/B ¼ 0.3; N ¼ 1; bp/B ¼ 4, 3.5, 2.8a;
lx/B ¼ 0.8, 1.05, 1.4; ly/B ¼ 0.2; Brt/B ¼ 6
To evaluate the performance of
wraparound technique
Repeated loading E Unreinforced e To compare the performance and
improvement in repeated load tests
F Planar u/B¼ 0.3; N¼ 1, 2b; b/B¼ 6; q/qu ¼ 50%,
70%, 90%
To evaluate the settlement at various
repeated load levels and to find the
critical number of cycles for which
footing settlement begins to stabilise
G Wraparound u/B ¼ 0.3; N ¼ 1,2b; bp/B ¼ 4; lx/B ¼ 0.8;
ly/B ¼ 0.2; Brt/B ¼ 6; q/qu ¼ 50%, 70%,
90%
H Wraparound u/B ¼ 0.3; N ¼ 1; bp/B ¼ 4; lx/B ¼ 0.8;
ly/B ¼ 0.2; Brt/B ¼ 6; q/qawr ¼ 70%, 90%
To compare the performance of
wraparound with multilayer reinforced
soil foundations at higher load levelsI Planar u/B ¼ h/B ¼ 0.17; N ¼ 2; b/B ¼ 6; q/
qawr ¼ 70%, 90%
J Planar u/B¼ 0.3; N¼ 1, 2b; b/B¼ 6; q/qu ¼ 50%,
90% (Inc.)
To evaluate the performance of
wraparound under incremental load
K Wraparound u/B ¼ 0.3; N ¼ 1; lx/B ¼ 0.8; ly/B ¼ 0.2;
Brt/B ¼ 6;
q/qu ¼ 50%, 90% (Inc.)
Note: Inc. is for incremental loading.
a Corresponding to the full wraparound condition.
b For N ¼ 2, u/B ¼ h/B ¼ 0.17.
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ar ¼ Ntr  1 (6)
Er ¼ J=tt (7)
as ¼ ½uþ ðN  1Þh  1 ¼ d 1 (8)
where N is the number of reinforcement layers, tr is the rein-
forcement thickness, J is the tensile modulus of reinforcement, and
d is the depth of reinforced zone.
Substituting Eqs. (6)e(8) into Eq. (5) results in
Rr ¼ JuEs (9)
Chen (2007) has carried out extensive experimental (small- and
large-scale) and numerical analyses of reinforced soil foundations
and concluded that if the value of Rr is kept the same as d/B, then
the results of the laboratory reduced-scale model tests can be
extrapolated to the full-scale reinforced soil foundations with
minimal error.
In this study, the value of Rr is 0.297 which is very close to d/B of
0.3 for all the tests except for test series for multilayer re-
inforcements where the depth of reinforced zone slightly exceeds
0.3. Therefore, it can be admissible that the scale effect regarding Rr
will have a low to negligible impact on the performed tests in this
study.
4.3. Influence of ratio of aperture size to footing width (do/B)
The ratio of minimum opening size (do) of the reinforcement to
the footing width has a significant effect on the BCR of the rein-
forced foundations. Cuelho et al. (2014) and Tavakoli Mehrjardi and
Khazaei (2017) suggested that the do/B ratio should be restricted to
4 and 4e6, respectively, for achieving the highest BCR value with
minimal scale effect. It is to be noted that this ratio has a significant
impact when geogrid is used as the reinforcement. However, for
geotextile-reinforced soil, this effect may not be applicable due to
the negligible opening size of such reinforcements.
4.4. Test cell scale effect
Besides the above-mentioned parameters, another reason that
can cause the scale effect issue is the insufficient dimensions of the
test cell. Bransby and Smith (1975) suggested that for a wide
enough test tank with smooth side walls, the boundary conditions
and side frictional resistance do not have any noteworthy effect on
the results of model footing load tests. Abdel-Baki and Raymond
(1993) and Azzam and Nasr (2015) suggested that the length and
height of tank should be keptminimum of 6 and 7 times the footing
width, respectively, in order to minimise the scale effect. Lal et al.
(2017) suggested that all the test cell dimensions should be mini-
mum of 5 times the footing width. The test cell used in this study is
1200mm long, 440mmwide, and 800mmdeep, as shown in Fig. 4.
All these dimensions are sufficient enough to minimise the scale
effect on the performance of the model tests.
5. Results and discussion
A series of model tests was conducted on unreinforced, planar
and wraparound reinforced models in a test cell. The details of the
instrumentation used in the experimental procedure were given in
Section 3. The ultimate bearing capacity of the unreinforced model
foundation, qu, was 96.6 kPa at a settlement, s, of 7.986 mm which
gives the s/B value of approximately 0.1. The increase in the bearing
capacity (at various s/B ratios) for planar and wraparound rein-
forced models is quantified as a dimensionless ratio, respectively
termed as the improvement factors IFpg and IFwg in this study,








where q(p) , q(w) and q are the bearing capacities of planar, wrap-
around geosynthetic-reinforced, and unreinforced model founda-
tions, respectively.
It must be noted that the results of some of the model footing
load tests were checked for repeatability by conducting themmore
than once. It has been observed that if the appropriate care is taken
and conditions are kept the same, then there is no marked differ-
ence between the observed values.
Fig. 5. Layout of (a) planar and (b) wraparound geosynthetic reinforcements.
Fig. 6. Typical pattern of loading scheme in repeated load tests.
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5.1. Monotonic load tests
5.1.1. Planar reinforced models
The results of the test series A and B are presented in Fig. 7. For a
medium dense type sand, the bearing pressureesettlement curve
changes at a certain level indicating a shear failure in the soil and
after that the curve becomes steeper (Shukla, 2014; Das and
Sobhan, 2017). The reasonable agreement is achieved for the
bearing pressureesettlement curve of unreinforced model foun-
dation and the failure pattern of medium dense type sand. It is
obvious from the figure that the bearing capacity of the reinforced
model is greater than that of the unreinforced model. This is true
even for the lower settlement levels; however, the effect is more
pronounced after s/B> 2.5%. This is in linewith the previous studies
on strip footing resting on geosynthetic-reinforced medium dense
soil bed (e.g. Shin and Das, 2000; Cicek, 2011).
In the test series B, the model footing load tests were conducted
at three b/B values of 4, 6, and 8. These values were chosen based on
the previous studies conducted on geosynthetic-reinforced soil
foundations. There is a lack of unanimity in the literature regarding
the optimum width of geosynthetic reinforcement placed under
the footing. Guido et al. (1986) reported the optimum width of 2
and 3 for geogrid- and geotextile-reinforced soil foundations,
respectively. Omar et al. (1993) and Khing et al. (1993) suggested
the optimumvalues of b/B equal to 8 and 6, respectively. Cicek et al.
(2015) studied the effect of reinforcement length on the bearing
capacity of strip footing on sandy soil and found an optimum value
of b/B equal to 5 for their model study; however, they concluded
that the increase in bearing capacity is highly linked with the ge-
ometry, material properties, and type of reinforcement and there-
fore, cannot be generalised. For a single layer of reinforcement, the
optimum achievement in this study is obtained at b/B¼ 6. It is to be
noted that the load-settlement curves are closer to each other for b/
B ¼ 4 and 6 at lower magnitudes (s/B  5%), but after that the trend
begins to change, and once s/B reaches 7.5%, a significant
improvement can be observed. Moreover, for a single reinforce-
ment of b/B ¼ 4, the failure point can be observed corresponding to
the change in slope of loadesettlement curve. However, the curves
for b/B ¼ 6 and 8 do not depict such failure points until higher
settlement values. For b/B ¼ 6 and 8, the curves follow almost the
similar path until s/B ¼ 10%. This is indicated in Table 3 which re-
ports the IFpg values for planar reinforcement arrangement. The
marked improvement can be observed especially for higher order
and ultimate settlement values. For b/B¼ 6, the value of IFpg is 1.553
for s/B at peak load level in comparison to IFpg of 1.19 for b/B ¼ 4;
but when the reinforcement width ratio is further increased to 8,
the improvement is not significant (IFpg ¼ 1.584).
After the selection of optimum value of reinforcement width
ratio (i.e. b/B ¼ 6), the test series C with two planar layers of rein-
forcement were also conducted. For comparison purposes, the re-
sults of these load tests were discussed in the following section.
5.1.2. Wraparound reinforced models
The test series D represents the tests performed on the model
footing resting on sand bed strengthened by wraparound rein-
forcement technique. For comparison purpose and to evaluate the
benefits of wraparound technique, the results of the test series D
are compared with those of series B and C. The test series C was
conducted for N ¼ 2 at u/B ¼ 0.17 and b/B ¼ 4 and 6. It should be
noted that u/B was kept at 0.17 to minimise the scale effect due to
the reinforcement ratio, as discussed in Section 4.2. For wrap-
around geotextile-reinforced tests, the parameters are given in
Table 2. The total width of the wraparound geotextile (Brt) rein-
forcement was kept equal to 6. However, in order to find the op-
timum planar width ratio (bp/B) in the wraparound reinforcement
technique, bp was varied from 4B to 2.8B by changing the lap-length
ratio (lx/B) from 0.8 to 1.4. The loadesettlement behaviour of test
series C and D is presented in Fig. 8. It can be observed that the
optimum performance is obtained when the planar width of the
wraparound geotextile is 4. The curve for wraparound (bp/B ¼ 3.5)
depicts the higher IFwg values for s/B  7.5% but there has been no
discernible improvement for the s/B levels between 7.5% and 9%
and after that the performance decreases in comparison to the
wraparound with bp/B ¼ 4. Moreover, after the s/B value reaches
approximately 12%, the curve has become steeper and much closer
to the behaviour of planar reinforcedmodel (N¼ 2 and b/B¼ 6). The
performance of full wraparound (i.e. bp/B ¼ 2.8) is somewhat more
similar to the planar reinforced foundation (bp/B ¼ 4 and N ¼ 2) at
lower s/B values, and for s/B > 9%, the loadesettlement behaviour
was similar to that of reinforced model with single layer of geo-
textile (b/B ¼ 6) but with additional thickness. This finding differs
from the observation made by Aria et al. (2021): footing resting onFig. 7. Bearing pressureesettlement curve for test series A and B.
Table 3
Improvement factor for planar reinforcement arrangement at various settlement
levels.
Footing settlement, s/B (%) Improvement factor, IFpg
b/B ¼ 4 b/B ¼ 6 b/B ¼ 8
2.5 1.08 1.07 1.07
5 1.085 1.089 1.083
7.5 1.141 1.2 1.176
10 1.17 1.294 1.304
Ultimatea 1.19 1.553 1.584
a Corresponding to the peak load.
Fig. 8. Bearing pressureesettlement curve for test series C and D.
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soil reinforced with geosynthetic layer with full wraparound ends
performs better than those reinforced with partial wraparound
ends. Moreover, the fully wrapped model will behave as the
coherent body and deform as the centrally loaded slab. The authors
believe that this is because the reinforcement used by Aria et al.
(2021) was of extremely high stiffness (i.e. J z 1000 kN/m) which
resulted in significantly higher BCR inmodel tests. Fakher and Jones
(1996) indicated that the scale effect due to reinforcement stiffness
is significant and may result in unrealistic high values of BCRs in
laboratory reduced-scale model tests. Moreover, when fully
wrapped geosynthetic reinforcement was utilised, this effect would
have become more significant because of the horizontal compo-
nent of wraparound (lx) practically being equal to the planar width
(bp) of wraparound, as shown in Fig. 9. This geometry along with
the very high tensile modulus of geosynthetic reinforcement may
result in the deformation pattern of suchmodels as centrally loaded
beam or slab, as indicated by Aria et al. (2021). However, such
mechanism is highly unlikely to occur in this study as the rein-
forcement properties and parameters were selected in a way to
keep the scale effect at minimal level, as described in Section 4. In
spite of this fact, even the fully wrapped model has performed
better than the reinforced model with N ¼ 1 and b/B ¼ 6.
In order to evaluate the effectiveness of the wraparound tech-
nique, IFwg values at various settlement levels are computed against
the amount of material used and occupied land width. The mass of
geotextile with width equal to that of base area of footing is stand-
ardised as x (in g) and occupied landwidth as y (inm). It is to benoted
that the occupied land width means the planar width of geotextile
which is the same as b for geotextile without wrapround ends and bp
for geotextile with wrapround ends. The comparison has been pre-
sented inTable 4. It canbeeasilyobserved that for the sameamountof
material, the reinforced model with wraparound ends (case 1,
IFwg ¼ 2.15) has performed better than the model without wrap-
aroundends (case2, IFpg¼1.553). Forplanar reinforcement, case4has
shownthebestperformanceandattained the IFpg valueof 2.07at su/B,
where su is the settlement at peak load. However, this is achieved at
the cost of twice the amount of material and 1.5 times the occupied
landwidth incomparison towraparoundarrangement (case1). Fig.10
represents the variation of IFwg ofwraparound reinforcedmodelwith
lx/bp and lx/ly. It can be observed that if the total amount of the geo-
textile is kept constant, then the improvement in bearing capacity
(IFwg) increases with the increase in lx/bp and lx/ly from 0.2 to 0.3 and
from 4 to 5.25, respectively. Further increase in lx/bp and lx/ly causes
thedecrease in IFwg. The trend isespecially true for settlement level (s/
B) less than 10%. This can be attributed to the fact that at the lower
settlement level, the frictional forces activated at the horizontal
component along with the planar width (bp) starts providing resis-
tance to the foundation soil, thus causing an increase in the bearing
capacity. However, as lx is further increased, bp becomes smaller, thus
causing a decrease in optimal planar area of geosynthetic necessary
for providing the resistance to the soil. However, it may be noted that
for the same amount of geotextile, the increase in IFwg for any set-
tlement level is more than that in IFpg (see Fig. 11). This is true for all
the cases of lx/bp and lx/ly. Themaximum improvement is achieved at
ultimate load level for lx/bp and lx/lyvaluesof 0.2 and4, respectively. At
higher settlement levels, it is expected that the shear resistance at
soilegeosynthetic interface and the passive resistance due to
confinement of soil as explained in Section 2 play their part in
improving the bearing capacity and compression stiffness of the
wraparound reinforced model foundations. However, for maximum
benefits, it is important to place the wraparound geosynthetic with
optimum planar width and lap-length ratio. It is important to note
that the wraparound reinforcedmodels have performedwell even at
the small settlement levels. Similar resultswere reportedbyKazi et al.
(2016) in examining the model foundations strengthened by wrap-
around geosynthetic reinforcement technique. This indicates the
mobilisation of frictional and passive resistances in the wraparound
zone even at smaller strain levels.
5.2. Repeated load tests (unreinforced, planar and wraparound
reinforced models)
After selecting the optimum width for planar and wraparound
reinforced models, repeated load tests were conducted on unre-
inforced and reinforced model foundations (test series EeK). The
repeated loads were applied according to the loading scheme as
explained in Section 3.4. Three initial monotonic load levels, q/qu of
50%, 70% and 90% were considered. For comparison purpose, the
initial monotonic levels are kept according to the peak load level
obtained for unreinforced models. This gives the values of applied
load of approximately 48 kPa, 68 kPa and 87 kPa, respectively, for
50%, 70% and 90% of q/qu. The results of the repeated load tests are
discussed in the following sections.
5.2.1. Hysteresis loop analysis
Fig. 12 represents the hysteresis loops of model footing settle-
ment versus the applied pressure for 10 load cycles (test series Ee
G). It is observed that with the application of initial monotonic load,
the vertical settlement increases, and once the load is released
(decreased), the elastic rebound can be observed. This is due to the
elastoplastic nature of supporting soil and the reinforcement. For
each cycle, the settlement attains a newmaximum (peak) and new
minimum value (residual) which is slightly greater than the pre-
vious one. The amount of plastic (permanent) settlement is more
and gradually increases with the application of load cycles. Similar
observations were made by Moghaddas Tafreshi et al. (2011) when
analysing the response of circular footing resting on sand bed under
cyclic loads. The trend is true for all the initial q/qu levels. However,
it can be observed that the settlement values for the wraparound
reinforcement technique are always less than those for the unre-
inforced and planar reinforced models. This is even true for higher
initial load levels, that is, the accumulated settlement of wrap-
around geotextile-reinforcedmodel foundation at q/qu¼ 90% is less
than that of the planar single-layer reinforced model at q/qu ¼ 70%.
For double-layer reinforcedmodel, the s/B values aremuch closer to
that of wraparound case for higher initial load levels (i.e. q/qu¼ 70%
and 90%), but some difference can be observed for lower initial load
level (i.e. q/qu ¼ 50%). This is probably due to the fact that at lower
load levels, the frictional forces at planar geosynthetic interface are
not fully mobilised especially in the second layer of reinforcement.
As the load started to increase, the involvement of the second layer
Fig. 9. Geometry of fully wrapped model.
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has become prominent in resisting the soil movement. However,
for the wraparound arrangement, in addition to the planar width,
the resistance to the foundation soil is also provided at the hori-
zontal and vertical components. This geometric configuration will
also provide the interlocking of the particles in the wraparound
zone (Fig. 2). This configuration along with the densification and
confinement process in the wraparound zone reduces the settle-
ment and increases the ultimate bearing capacity and compression
stiffness of the reinforced soil. However, further evaluation is
necessary to find the effect of number of load cycles on the per-
formance of wraparound models.
5.2.2. Load cycle effect
In this section, theeffectof numberof loadcycles is investigatedon
the performance of unreinforced and reinforced models. The
maximum number of load cycles is restricted to 100 to observe the
general trend. Fig.13 represents the effect of number of load cycles (n)
on the total settlement due to repeated loads of the models. It can be
observed that for any initial load level, the settlement of footing is
larger for first few load cycles, typically 1e20. It is evident that larger
amount of total deformation occurs for unreinforced case in com-
parison to its counterpart models. Moghaddas Tafreshi and Dawson
(2012b) reported the similar results in laboratory tests on footing
resting on unreinforced and geotextile-reinforced sand bed under
repeated loading. It is interesting to note that for unreinforced sand
case (q/qu¼ 90%), the settlement values aremuchhigher. This depicts
that even the application of slow repeated load of magnitude slightly
less than theultimate load can lead to theunstableplastic shakedown
state and possibly result in the incremental collapse after further load
applications. SimilarobservationwasmadebyShajarati et al. (2012) in
their study related to the behaviour of sandy soils under repeated
loading. The planar single-layer reinforced model depicts the pro-
gressive increase in the settlement (with decreasing trend) with the
increase in the load cycles. For double-layer reinforced models, the
settlement increases at a much slower rate with an increase in
number of load cycles, especially at higher load levels. This is in line
with the observations reported by El Sawwaf andNazir (2010) during
the investigation of reinforced sand bed subjected to repeated
loading. A similar behaviour is observed for the wraparound case;
however, the settlement rate is extremely slowafter the applicationof
30e40 cycles. This is the reason that for the repeated load level of
lower magnitude (i.e. q/qu ¼ 50%), the test is terminated after 70 cy-
cles. For a more comprehended presentation, an improvement factor
IFs is introduced to compare the total settlement (st) for reinforced
model in comparison to unreinforcedmodel under repeated loading.





where ðst=BÞU is the total settlement of unreinforced model foun-
dation, ðst=BÞR is the total settlement of reinforced model
Table 4
Comparison of amount of material and occupied land width in terms of improvement factor at various settlement levels.
Arrangement Case No. Amount of material (g) IFpg or IFwg at various s/B values Occupied land width, y (m)
s/B ¼ 2.5% s/B ¼ 5% s/B ¼ 7.5% s/B ¼ 10% Ultimatea
Planar reinforcement 1 (N ¼ 1) 4x 1.08 1.085 1.141 1.17 1.19 4y
2 (N ¼ 1) 6x 1.07 1.089 1.2 1.294 1.553 6y
3 (N ¼ 2) 8x 1.42 1.38 1.47 1.55 1.76 4y
4 (N ¼ 2) 12x 1.71 1.65 1.67 1.73 2.07 6y
Wrapround reinforcement 1 (lx/B ¼ 0.8) 6x 1.83 1.67 1.69 1.83 2.15 4y
2 (lx/B ¼ 1.05) 6x 1.87 1.71 1.71 1.77 2.09 3.5y
3 (lx/B ¼ 1.4) 6x 1.53 1.48 1.49 1.48 1.67 2.8y
a Corresponding to the peak load.
Fig. 10. Variation of IFwg with lx/bp and lx/ly.
Fig. 11. Comparison of IFpg for planar geosynthetic-reinforced model versus IFwg for
wraparound geosynthetic-reinforced modes at various settlement (s/B) levels.
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foundation, and ln is the load level corresponding to n load cycle.
Fig. 14 shows IFs for planar and wraparound reinforced models for
50 load cycles. The values of IFs for each load cycle are calculated
using Eq. (8) and averaged over the interval of 10 cycles. It is easily
identifiable that the wrapround model performed well in com-
parison to planar reinforced models. The improvement can be
observed even for the initial 10 cycles in which most of the set-
tlement occurs. However, the effect is more prominent at higher
load levels. The average IFs is 45% (all load levels) for wraparound
reinforced models in comparison to 23% and 41% for single- and
double-layer reinforced models, respectively. It is therefore ad-
missible that the wraparound reinforcement technique can limit
the accumulation of strains under repeated loading, thus providing
greater stability to the foundation soil in comparison to planar
reinforced models. This is true for any initial monotonic level and
number of cycles under consideration.
It may be noted that the wraparound reinforced models were
subjected to repeated loads that were less than their ultimate
monotonic loads. Therefore, test series H and I were conducted to
compare the behaviour of wraparound and multilayer planar rein-
forcedmodels at higher levels of repeated loads. The fair comparison
would not be possible for any load percentage as both models have
different values of ultimate bearing capacities (Fig. 7). Therefore, for
unbiased comparison, the load levels were kept at 70% and 90% load
levels of average bearing capacity of wraparound and multilayer
planar reinforcedmodelsat s/B¼10%as thesevaluesare closer toeach
other and of higher magnitude in comparison to other models. This
gives the loads of 121.5 kPa and 156 kPa for q/qawp ¼ 70% and 90%,
respectively, where qawp is the average value of bearing pressure for
wraparound andmultilayer planar reinforcedmodels. The results are
shown in Fig. 15. It can be observed that the settlement values of
multilayer reinforced foundations are much closer to those of wrap-
around reinforced model foundations. At the load level of q/
qawp ¼ 90%, the difference is almost negligible. This again highlights
the fact about the higher mobilisation of interface friction at higher
load levels andwith the increase innumber of load cycles. As awhole,
for higher load levels, the total settlement has gradually increased
Fig. 12. Hysteresis loops of footing settlement for unreinforced and reinforced model
foundations for: (a) q/qu ¼ 50%, (b) q/qu ¼ 70%, and (c) q/qu ¼ 90%.
Fig. 13. Number of load cycles versus total settlement for unreinforced and reinforced
model foundations for: (a) q/qu ¼ 50%, (b) q/qu ¼ 70%, and (c) q/qu ¼ 90%.
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with the decreasing trend but no sign of failure is observed even after
the application of 100 load cycles.
5.2.3. Effect of incremental increase of load
The test series J and K were performed to evaluate the effect of
incremental repeated loads on the footing. The previous repeated
load tests were performed by applying the cycles of same load
levels (i.e. q/qu ¼ 50%, 70% and 90%). However, for this series, the
incremental (step-up) repeated loads are applied to evaluate the
performance of wraparound geosynthetic-reinforced soil founda-
tion. Ten cycles of each load level were applied and the corre-
sponding settlement was measured. The major shift in the pattern
for any load test has been observed at the point of change of loading
amplitude, especially when the load was raised from 50% to 70% of
the ultimate capacity (see Fig. 16). At higher loading shift (70%e
90%), the wraparound reinforcement has shown the least change
due to its densificationmechanism and interlocking of soil particles
within the wraparound zone. Moreover, the foundation soil rein-
forced with wraparound technique and planar reinforced layers
(N ¼ 2) has shown much greater stability than unreinforced and
single-layer reinforced foundations.
6. Conclusions
This research presents an experimental investigation that ana-
lyses the behaviour of repeatedly loaded strip footing resting on
sand bed strengthened by wraparound geosynthetic reinforcement
technique. The reinforcement properties and test parameters were
selected in a way to keep the scale effect to a minimal level. The
effects of repeated load amplitude and number of cycles along with
the effect of reinforcement parameters, such as number of layers
and reinforcement width, were studied. The amounts of geo-
synthetic material used in wraparound and planar reinforced
models were also compared. Based on the results and discussion
presented in the previous section, the following general conclu-
sions can be drawn:
(1) For the same amount of geotextile and less occupied land
width, the model foundations strengthened with wrap-
around reinforcement technique have outperformed the
planar reinforced models.
(2) For lower settlement levels (s/B  5%), the wraparound
geotextile with smaller occupied land width ratio (bp/
B ¼ 3.5) has performed well in comparison to the wrap-
around with slightly larger occupied land width ratio (bp/
B ¼ 4). However, for higher settlement levels, the wrap-
around with occupied width ratio of 4 provides more sta-
bility to the foundation soil. The performance of the fully
wrapped model (bp/B ¼ 2.8) is more similar to that of the
planar double-layer reinforced model (b/B ¼ 4); however, it
should be noted that even the fully wrapped model out-
performs the planar single-layer reinforced model with the
same amount of geotextile and approximately 50% less
occupied land width.
(3) For the same amount of geotextile, the total settlement due
to vertical repeated loading is lower in wraparound
geotextile-reinforced models than that in single-layer planar
reinforced models. This is true for any initial load level (q/qu)
and number of load cycles. Moreover, for lower q/qu (e.g.
50%), the wraparound geotextile-reinforced model founda-
tion has shown negligible amount of settlement after the
application of 30 load cycles.
(4) For any magnitude of q/qu, the value of st/B for the wrap-
around geotextile-reinforced models tends to increase at a
very slow rate in comparison to planar reinforced models.
Fig. 14. Variation of improvement factor (IFs) at various load cycles in planar and
wraparound reinforced model foundations for: (a) q/qu ¼ 50%, (b) q/qu ¼ 70%, and (c) q/
qu ¼ 90%.
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This is even true for the initial few cycles inwhichmost of the
settlement occurs.
(5) The wraparound reinforced model has shown about 45%
lower average total settlement in comparison to unrein-
forced model, while the double-layer planar reinforced
model has about 41% lower average total settlement at the
cost of twice the amount of material and 1.5 times the
occupied land width ratio. Moreover, for an incremental
repeated loading, the wraparound reinforced model per-
formed at par with the double-layer models.
The present study has been carried out using the small size
footing under 1g conditions. The load carrying capacity of the sand
bed is dependent on the footing size. Therefore, for more
comprehensive understanding, it is recommended to perform
further tests using field-scale tests on large-sized footings. In
future, particle chasing technology, image capturing and strain
measuring devices can be employed to explicitly confirm the as-
sumptions and considerations regarding the scale effect and to
modify or update the proposed theoretical mechanism suggested
for wraparound reinforcement.
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